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This letter studies electrically induced droplet deformation to predictably pin and route droplets in a
T-junction microchannel. Droplets of various sizes are shown to deform differently and respond to
steep electric potential gradients. The relative magnitudes of inertial and electric forces are
responsible for droplet deceleration and pinning, and may be manipulated to route a droplet in either
C 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4817008]
direction of a T-junction. V

Droplet formation between two immiscible fluids in a
microfluidic T-junction has been studied extensively to characterize the size, frequency, and formation of liquid
droplets.1–6 This letter introduces the idea that these liquid
droplet emulsions can be manipulated in an electric field to
obtain various deformations which can then be redirected in
a microchannel. When an electric field is applied to a stationary suspended droplet, it will deform into either a prolate
spheroid (elongate in the direction parallel to the electric
field) or an oblate spheroid (elongate in the direction perpendicular to the electric field).7–18 Active and passive dielectrophoresis (DEP) have been demonstrated to manipulate
droplets by leveraging the force imbalance induced by differing dipole moments,10,19 or by a surface charge using capillary electrophoresis.20 Electrowetting on dielectric (EWOD)
has also been used to manipulate droplet behavior by adjusting the contact angle with an electric field.21,22 In this letter,
we show how the droplets can be manipulated by treating all
electrical effects generically. We will show that deformation
of droplets can be exploited in the microchannels by judicious placement of steep electric potential gradients, producing nonuniform electric fields that perform passive droplet
routing. Such manipulation of droplet deformation has applications in ink-jet printing, heat exchanger design, and optical
emulsification technologies. Controlled droplet routing is
also beneficial in biomedical fields.
Droplet formation dynamics in a microfluidic T-junction
is influenced by several competing forces which include viscous shear, interfacial, and upstream pressure forces.2 As the
dispersed fluid begins to penetrate the continuous channel, it
encounters a viscous shear stress induced by the continuous
fluid, and while it remains a “thread” still attached to the dispersed channel, local pressure increases immediately
upstream of the T-junction due to the blockage of the continuous channel. Resisting these effects is the pressure jump
across the fluid interface due to the interfacial tension of the
fluid pair. The continuous and dispersed fluid flow rates, viscosities, and the interfacial surface tension all influence how
far into the continuous channel the dispersed droplet will
travel before it detaches. The capillary number (Ca ¼ lc vc =c)
characterizes droplet size/volume and formation, where lc
and vc are the continuous fluid dynamic viscosity and average
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velocity, respectively, and c is the interfacial tension of the
continuous/dispersed fluid pair. By controlling the flow rate
ratio (Q ¼ Qd =Qc ) and viscosity ratio (k ¼ ld =lc ) in a
T-junction, one can control the drop size.4,6 The subscripts d
and c refer to dispersed and continuous fluids, respectively.
The immiscible two-fluid system in a T-junction with an
electric field may be modeled as follows. The normalized
incompressible continuity equation is r  ðq v Þ ¼ 0, and
the normalized momentum equation is given by
q
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Gravitational forces in microfluidics are small (large
pﬃﬃﬃﬃﬃﬃﬃﬃ
Fr ¼ vc = gwc ) compared to other forces, and are neglected.
The Reynolds number (Re ¼ qc vc wc =lc ), represents the ratio
of inertial forces to viscous forces. Other dimensionless numbers include the electric Euler number (Eue ¼ qc vc 2 =E0 2 0 c ),
representing the ratio of inertial forces to electric forces, and
the Weber number (We ¼ qc vc 2 wc =c), representing the ratio
of inertial forces to interfacial forces. The superscript 
denotes dimensionless quantities. vc, qc , lc , c refer to the
continuous fluid average velocity, density, dynamic viscosity,
and relative permittivity, respectively, and wc, E0, g, c, and 0
are the continuous channel width, applied electric field, gravity, interfacial tension, and the vacuum permittivity, respec
tively. rM is the Maxwell stress component of the stress
tensor. According to the leaky dielectric model,23 ohmic conduction causes charge to accumulate at the fluid interface,
and the mismatch in charge creates a tangential stress that
must be balanced. Hydrodynamics provides the balance,
resulting in fluid motion. Dielectric stresses acting normal to
the fluid interface are also present due to the mismatch of
dipole moments between the two fluids. The steady potential
distribution in the system is defined by the conservation of
charge, rðr E Þ ¼ 0, where E is the electric field and r is
the fluid conductivity.
The conservative two-phase level set method24 utilizes
the “front capturing” approach to track the fluid-fluid interface, and is implemented numerically using COMSOL
Multiphysics 4.3.18 To prevent numerical discontinuities at
the interface shared by the two fluids, all fluid properties are
represented as follows (using the dimensionless density as an
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example): q ¼ qc þ ðqd  qc Þ/. / is the level set function
defined as / ¼ 0 in the continuous fluid and / ¼ 1 in the
dispersed fluid. Equation (1) is normalized, but still requires
the presence of dimensionless fluid properties, such as q ,
l ,  , and r in order to physically track the interface and
resulting flow in each of the respective fluids. Constant volumetric laminar flow rates are set at the continuous and dispersed inlet boundaries, and a constant pressure/zero viscous
stress condition is set at the outlet boundary. A constant
hydrophobic contact angle is used at the channel walls to
avoid electrowetting angle saturation effects at higher electrical potentials.21 The mesh density is determined using the
results of an unstructured mesh sensitivity study on a stationary deforming droplet (deformation results discussed later).
For meshes between 900  100 000 elements, the results
begin to stabilize in the 3000–5000 element range to within
10% of accepted theoretical values. Therefore, the mesh density for our numerical models is verified to fall within this
range before simulation to avoid unnecessary computational
effort. These mesh densities agree well with those reported
by Lin (4489 elements).18 Phase initialization always converged within 30 iterations, and during the transient portion
of the solution, the time steps were dynamically adjusted to
ensure convergence while using a tolerance of 0.001 for all
dependent variables.
Theoretical studies by Reddy and Esmaeeli17 were considered to validate numerical stationary droplet deformation
in a suspending medium under an applied electric field. The
droplets were represented two-dimensionally as infinite liquid jets under a transversely applied electric field. The
deformed droplet boundaries result from the balancing of
normal and tangential boundary forces (between hydrodynamic and electric effects), and cause the droplet to take either a prolate or oblate shape, as shown in Fig. 1(a). The
theoretical deformation for a two-dimensional stationary
droplet using the leaky dielectric model is17
"
#
Cae R2 þ R þ 1  3q
;
(2)
D¼
3
ð1 þ RÞ2
where R and q are given in Table I. Cae ¼ c 0 E0 2 r=c is the
electric capillary number which quantifies the ratio of electric forces to interfacial forces, where c , E0, r, and c are the
permittivity of the continuous liquid, applied electric field,
undeformed droplet radius, and interfacial surface tension,
respectively. The vacuum permittivity is given by
0 ¼ 8:854  1012 F=m. Droplet deformations observed
numerically can be quantified as D ¼ ðL  BÞ=ðL þ BÞ,
where L and B are the deformed droplet dimensions in Fig.
1(a). Other parameters used for these simulations were the
Reynolds number (Re ¼ 1), capillary number (Ca ¼ 1), density ratio (qd =qc ¼ 1), and viscosity ratio (ld =lc ¼ 1). When
the permittivity ratio q < 10:33, the simulated droplets
deform into prolate spheroids (D > 0), and when q > 10:33,
they deform into prolate spheroids (D < 0). These results
agree excellently with Eq. (2), as shown in Fig. 1(b).
Deviations at larger magnitudes of q and D have been
reported in other numerical studies13,14,18 and are due to Eq.
(2) being formulated based on the assumption of small
deformations.
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FIG. 1. (a) Schematic of two-dimensional stationary droplet deformed
shapes. (b) Quantitative comparison of theoretical and numerical droplet
deformations and computational domain (inset).

Flowing droplet simulations used a much more conductive dispersed liquid (deionized water) and a less conductive
continuous liquid (silicone oil). The true conductivity ratio
surpasses R ¼ 107 , but is limited to R ¼ 1000 numerically to
avoid divergence by attempting to resolve steep property gradients at the droplet boundary. This approximation is justified
since droplet behavior is unaffected when one liquid’s conductivity exceeds the other’s by a factor of 100 or more.13
The density and viscosity used in simulating flowing droplets
were qc ¼ 950kg=m3 and lc ¼ 0:019Pas for silicone oil,
and qd ¼ 1000kg=m3 and ld ¼ 0:001Pas for deionized
water. The inerfacial surface tension is c ¼ 0:045N=m.
A smoothed step function of electrical potential was
applied to the upper channel wall which resulted in droplet
deceleration and pinning; this is explained in detail later. It is
important to understand the relative magnitudes of the forces
that would allow droplet deceleration and pinning within
bulk continuous fluid flow. The inertial hydrodynamic force
that allows the drop to flow down the channel is horizontal,
but a dielectric force that contains non-uniform horizontal
and vertical components is acting everywhere normal to the
droplet surface, and always from the fluid with higher relative
permittivity on the fluid with lower relative permittivity. The
TABLE I. Electrical properties used in simulations.
Case
ðÞ
Stationary droplets
Flowing droplets

Conductivity ratio
ðR ¼ rd =rc Þ

Permittivity ratio
ðq ¼ d =c Þ

5
1000

See Fig. 1(b)
80/2.2
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FIG. 2. Top right inset: Schematic of
dielectric force on a flowing droplet.
All flowing droplet simulations follow
c < d (left schematic of inset). Below
and at left: Two-dimensional numerical
results demonstrating droplet pinning,
with a plot of the electrical potential
boundary condition imposed at the top
wall.

top right inset of Fig. 2 illustrates how the dielectric force can
both assist and oppose the inertial force, which leads to droplet deceleration and pinning. From Eq. (1), Eue emerges as a

coefficient to the electric body force (term containing rM ),
and quantifies the ratio of inertial to electric forces. If the
electric field, E0 ¼ V0 =le , is defined as the gradient in the
electrical potential step applied to the upper channel wall
(Fig. 2, at left), simulations indicate that there exists a critical
electric Euler number (Eue  ) that characterizes droplet pinning. le is the upper wall distance over which the electrical
potential step occurs. Below Eue  , the drop will be pinned to
the wall; above Eue  , the drop will flow along the channel.
Eue  is also dependent on the undeformed drop diameter (d),
as shown in Fig. 3. For d  1, the droplet is pinned to the
channel wall at Eue   0:82. For d > 1, the larger droplet
volume (and subsequent mass) will increase the droplet’s
inertia, requiring the electric force necessary for pinning to
increase (thus decreasing Eue  ). Other parameters causing the
inertial force to increase (i.e., increase in flow rate or density)
will require that the electric force (i.e., voltage) also increase
in order to obtain the critical Eue  necessary for pinning. The
curve fit Eue  ¼ 0:83  1:44ðd  0:78Þ3 is consistent with a
cubic dependency on the drop diameter, suggesting a linear
dependency on droplet volume. Using an order of magnitude
analysis, the ratio of inertial forces (O  d 3 ) to electrical
forces (O  1) provides physical consistency with the cubic
dependency. When the droplet size increases, its larger surface area will experience an increase in viscous drag
(O  d2 ), however, in the order of magnitude analysis, we
have neglected this force.
To validate the two-dimensional numerical model without electrical effects, an experiment was devised in an
unelectrified T-junction (Fig. 4, Configuration 1). A microfluidic T-junction test chip, 25mm  50mm in size, was

FIG. 3. Critical pinning electric Euler number dependency on drop diameter,
highlighting confined and unconfined droplet regions. Cubic fit R2 ¼ 0:989.

fabricated using poly(dimethylsiloxane) (PDMS) via soft lithography. The continuous channel width is wc ¼ 200lm,
wd =wc ¼ 0:5 and channel height h ¼ 100lm. Syringe pumps
were used to drive the continuous (silicone oil) and dispersed
(deionized water) fluids through their respective branches of
the T-junction. The chip was placed under a standard laboratory microscope fitted with 4.0 magnification and Prosilica
cameras sampling at 200 frames per second (fps) for visualization. For a continuous flow rate of Qc ¼ 200lL=h and a
dispersed flow rate of Qd ¼ 100lL=h, our numerical model
predicted a drop length of 392lm (d ¼ 1:75) and a frequency of 4:2drops=s, for a deviation of 18% and 2.4%,
respectively, from our experiments.
A second experiment was devised to qualitatively validate the numerical model with electrification (Fig. 4,
Configuration 2). The same microchannel is used as in
Configuration 1, and a channel length of 10 mm after the
T-junction allowed for adequate imaging and electrode placements. Single strand 24 AWG copper wire (0:5 mm diameter) acted as the electrodes, and were placed directly in the
bulk PDMS material according to the schematic shown in
Fig. 4. This placement of electrodes created steep potential
gradients along the upper channel wall at locations in the vicinity of the electrodes. The resulting droplet behavior exhibits single-wall deceleration and pinning at approximately the
same wall location for each passing droplet, similar to
the droplet behavior demonstrated in our numerical models.
The DC voltage applied to the electrodes was set to

FIG. 4. Two configurations tested with their respective experimental and numerical droplet behavior. Configuration 1 (d ¼ 1:75) was used to validate
the two-phase numerical model by simulating droplet formation in an
unelectrified T-junction. Configuration 2 (d  ¼ 1:6) was used to demonstrate
electrically induced droplet pinning downstream of the T-junction. In configuration 2, the attenuated experimental potential is V0  200V, and the
applied numerical potential is V0  390V.
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FIG. 5. Numerical simulation of droplet routing configurations. Schematic
and sequence of images at different
times for a T-junction electrified in the
top corner (left column), and the bottom corner (right column) for two different drop diameters (d). Once
pinned, the droplet position at all
future time steps overlap the final pinning location (droplet totally arrested
with no additional deformation). The
channel width is 100lm, and fluid
properties are identical to those listed
previously.

V0 ¼ 2000 V, and the pinning locations were located within
1:0 mm upstream and/or downstream of each electrode pair
for a droplet of diameter d ¼ 1:6. The copper wire electrodes
were spaced approximately 1:5 mm from the microchannel,
causing the applied voltage to suffer significant attenuation
(due to the relatively inert electrical properties of the bulk
PDMS material) before reaching the flowing droplets inside
the microchannel. Three-dimensional electrostatic models
performed in COMSOL Multiphysics indicate a 90% reduction in applied voltage under these circumstances, bringing
the experimental voltage drop along the microchannel boundaries to V0  200 V. The numerically applied voltage
required for similar pinning behavior (under nearly identical
conditions) was V0  390 V. The experimental voltage
required for droplet pinning is smaller in magnitude than the
voltage required numerically, but the agreement is still good
considering the two-dimensional numerical approximation
and the crude positioning of the copper wire electrodes.
We can exploit these pinning phenomena by applying
steep gradients in electrical potential numerically at specific
locations within a microchannel, thus allowing for increased
control over flowing liquid droplet emulsions. A simplified Tjunction configuration is numerically simulated for two different diameter droplets: d ¼ 70lm, and d ¼ 138lm (refer to
Fig. 5). A steep electrical potential gradient is applied at either
the upper or lower corner in order to route a droplet into either
the upper or lower branch of the T-junction microchannel.
Passive droplet routing is possible in this configuration and is
attributed to identical phenomena as seen with pinning. As a
flowing droplet approaches the T-junction, the dielectric force
caused by the steep electrical potential gradient in the corner
begins to decelerate the droplet on one side. As the droplet
decelerates, the viscous shear induced by the continuous flow
causes the droplet to turn into the upper part of the T-junction,
effectively pivoting around the electrified corner. The critical
electrical potential for pinning the smaller drop at the corner
is between 100 V and 200 V, while the critical electrical
potential for pinning the larger drop is between 200 V and
300 V, suggesting the effects are also dependent on drop size
under these flow conditions (same trend as Figure 3). This

behavior is consistent for flow situations according to the
following set of parameter values: Reynolds number
pﬃﬃﬃﬃﬃﬃﬃﬃ
(Re ¼ qc vc wc =lc  1), Froude number (Fr ¼ vc = gwc  6:),
Weber number (We ¼ qc vc 2 wc =c  0:1), capillary number
(Ca ¼ lc uc =c  0:1), and electric capillary number
(Cae ¼ 0 c E0 2 r=c  0:2).
In conclusion, droplet deformations were exploited to
perform actuation in a T-junction microchannel. Such routing
was accomplished by utilizing the inherent electrical properties of the fluid pair without the need for any additives to
enhance deformations caused by an electric field. The
smoothed step function along a channel boundary was
required to manipulate the droplets, but needed to be adjusted
such that the electrical forces were large enough to pull the
droplets in a preferential direction of the T-junction without
permanently halting their continued progress. The behavior
also demonstrates consistency with a cubic dependency on
the droplet diameter. In addition to traditional mechanical
applications such as enhanced spatial control (i.e., ink-jet
printing), micropump fabrication, or electrohydrodynamic
(EHD) enhanced heat transfer, this physical phenomenon has
tremendous potential in biochemical analyses, such as electrokinetic assays and miniturized total analysis systems
(lTAS). Precision control of high throughput droplet microreactors is also very attractive in colloidal crystallization and
biomedical applications. This study paves the way for microchannel designers in any field to generate droplets of desired
size and passively route them in sub-microchannels.
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